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Erythrocyte membrane-cloaked polymeric 
nanoparticles for controlled drug loading and release

In recent decades, advances in engineering mate-
rials at the nanometer scale have resulted in a 
myriad of nanoparticle (NP)-based drug-delivery 
systems for clinical applications [1,2]. The unique 
advantages of these nanomedicines, particularly 
their improvement on existing therapeutic agents 
through altered pharmacokinetics and biodistri-
bution profiles, hinge on their ability to circulate 
in the bloodstream for a prolonged period of time 
[3,4]. As a result, considerable research interest 
has focused on the search for novel materials, 
both natural and synthetically made, that allow 
NPs to bypass macrophage uptake and systemic 
clearance [5,6]. Meanwhile, strategies aimed at 
extending particle residence time in vivo through 
modifying the physicochemical properties of 
NPs (including size, shape, deformity and sur-
face characteristics) have also been extensively 
explored [7,8].

In this regard, the authors recently developed 
a red blood cell membrane (RBCm)-cloaked 
NP drug-delivery system with the combined 
advantages of a long circulation lifetime (from 
RBCs) and controlled drug retention and release 
(from polymeric particles) [9]. The authors’ 
top-down approach, based on the extrusion of 
polymeric particles mixed with preformed RBCm-
derived vesicles, translocated the entire RBCm 
with preserved membrane proteins to the surface 
of sub 100-nm polymeric cores, resulting in NPs 

cloaked by the erythrocyte exterior for longer 
systemic circulation. This functionalization 
strategy enables transmembrane proteins to 
be anchored in their natural lipid membrane 
medium on nanoparticle surfaces and avoids 
chemical conjugation techniques that could 
disrupt the integrity and functionalities of these 
proteins.

As part of continuing efforts to further develop 
this cell-mimicking NP platform for advanced 
drug-delivery applications, the authors report 
formulation strategies for loading small-molecule 
chemotherapy drugs such as doxorubicin (DOX), 
a model anticancer drug, into NPs and study 
drug-release kinetics with an emphasis on the 
role played by RBCm cloaks in drug retention. 
Specifically, to load DOX molecules into the 
NP core, two distinct strategies were explored: 
physically encapsulating drug molecules into 
the polymer matrix, and chemically conjugating 
drug molecules to the polymer backbones. It was 
demonstrated that these methods result in distinct 
drug-loading yields and release kinetics. NPs were 
further formulated with the same polymer cores as 
RBCm-cloaked NPs, but coated with PEG rather 
than RBCm (PEGylated NPs). Comparison of 
the drug-release profiles for the two delivery 
systems demonstrated that the RBCm cloak 
provides a barrier, retarding the outward diffusion 
of encapsulated drug molecules, and can therefore 
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potentially be exploited to better control drug 
release. Additionally, in an attempt to examine 
the therapeutic potential of the RBCm-cloaked 
NPs, an acute myeloid leukemia (AML) Kasumi-1 
cell line was chosen, and it was demonstrated 
that DOX-loaded RBCm-cloaked NPs exhibited 
higher toxicity by comparison with the same 
amount of free DOX. 

Materials & methods
�� RBC ghost derivation

RBC ghosts devoid of cytoplasmic contents were 
prepared following previously published protocols 
[9,10]. Briefly, whole blood, withdrawn from male 
(imprinting control region)mice (6–8 weeks old; 
Charles River Laboratories, MA, USA) through 
cardiac puncture with a syringe containing a 
drop of heparin solution (Cole-Parmer, IL, USA), 
was centrifuged (800 × g for 5 min at 4°C) to 
remove serum and buffy coat. The packed RBCs 
were washed in ice-cold 1× phosphate-buffered 
solution (PBS), treated by hypotonic medium 
for hemolysis, and then suspended in 0.25× PBS 
in an ice bath for 20  min. The hemoglobin 
was removed by centrifuging the suspension at 
800 × g for 5 min. RBC ghosts in the form of a 
pink pellet were collected.

�� Preparation of RBCm-derived vesicles
The collected RBC ghosts were sonicated in 
a capped glass vial for 5  min using a FS30D 
bath sonicator (Fisher Scientific, CA, USA) at a 
frequency of 42 kHz and power of 100 W. The 
resulting vesicles were subsequently extruded 
repeatedly through 400-nm and then 200‑nm 
polycarbonate porous membranes using an 
Avanti mini extruder (Avanti Polar Lipids, AL, 
USA). After each extrusion, the size of the RBCm-
derived vesicles was monitored using dynamic 
light scattering (Nano-ZS, model ZEN3600; 
Malvern Instruments, Worcestershire, UK).

�� Ring-opening polymerization 
of l-lactide
DOX–poly(lactide acid) (PLA) conjugates 
were synthesized based on a previously 
published protocol [11,12]. Briefly, ring-opening 
polymerization of l-lactide (Sigma-Aldrich, 
MO, USA) was catalyzed by an alkoxy complex 
(b-diiminate [BDI])ZnN(SiMe

3
)
2
 in a glovebox 

filled with argon at room temperature. (BDI)
ZnN(SiMe

3
)

2
 (6.4 mg, 0.01 mmol) and DOX 

(Jinan Wedo Co. Ltd, Shandong Province, China; 
5.4 mg, 0.01 mmol) were first mixed in anhydrous 
tetrahydrofuran (0.5  ml). l-lactide (101  mg, 
0.7  mmol) dissolved in 2  ml of anhydrous 

tetrahydrofuran was then added dropwise to 
the reaction mixture. After the l-lactide was 
completely consumed as indicated by proton 
nuclear magnetic resonance spectroscopy (Varian 
Mercury 400 MHz spectrometer; International 
Equipment Trading Ltd, IL, USA), the crude 
product was precipitated in cold diethyl ether 
and purified by multiple dissolution–precipitation 
cycles. The conjugation was confirmed by proton 
nuclear magnetic resonance spectroscopy and 
conjugates had a molecular weight (MW) of 
approximately 10,000  g/mol determined by 
gel permeation chromatography (Viscotek, 
TX, USA).

�� Preparation of NP core & loading 
of DOX
The DOX–PLA conjugate was first dissolved in 
acetonitrile to form 1 mg/ml solution. A total 
of 1  ml of such solution was added dropwise 
to 3 ml of water. The mixture was then stirred 
in open air for 2 h, allowing the acetonitrile to 
evaporate. The resulting solution of NP cores 
was washed using Amicon Ultra-4 Centrifugal 
Filters (Millipore, CA, USA; 10  kDa cut-off) 
to completely remove organic solvent residues. 
The particles were then re-suspended in 1 ml 
distilled water. To physically encapsulate DOX, 
1 mg poly(lactic-co-glycolic acid [PLGA]; 0.67 
dl/g, carboxy-terminated, LACTEL Absorbable 
Polymers, CA, USA) was first dissolved into 1 ml 
acetonitrile, followed by the addition of DOX 
predissolved in 25 µl dimethyl sulfoxide. Similar 
procedures as described above were followed to 
generate suspensions containing NP cores. 

�� Fusion of RBCm-derived vesicles with 
NP cores
To fuse the RBCm-derived vesicles with the afore
mentioned NP cores, a suspension containing 
1 mg of NP cores was first mixed with RBCm-
derived vesicles prepared from 1  ml of whole 
blood. The mixture was then extruded 11 times 
through a 100-nm polycarbonate porous 
membrane with an Avanti mini extruder. To fully 
coat 1 mg of NP cores, an excess of blood was used 
to compensate for the membrane loss during RBC 
ghost derivation and extrusion [9].

�� Preparation of PEGylated NPs
The DOX–PLA conjugate and PLA-PEG-COOH 
(MW =  10 kDa, polydispersity index = 1.12; 
PEG = 3.5 kDa, PLA = 6.5 kDa) [13] at a weight 
ratio of 1:1 were first dissolved in acetonitrile 
at a concentration of 1 mg/ml, followed by the 
same procedures as described above to produce 
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NP suspensions. To physically encapsulate DOX 
into PEGylated NPs, 1 mg PLGA (0.67 dl/g, 
MW

 
=

 
40 kDa, carboxy-terminated, LACTEL 

Absorbable Polymers) was first dissolved into 1 ml 
acetonitrile, followed by the addition of 100 µg 
DOX dissolved in 25 µl dimethyl sulfoxide. The 
procedures described above were used to produce 
NP suspensions.

�� NP stability studies
NP stability in PBS was assessed by monitoring 
particle size using dynamic light scattering. 
Specifically, 500 µg of the NPs were suspended 
in 1 ml 1× PBS and the sizes were measured in 
triplicate at room temperature every 24 h over a 
period of 1 week. Between measurements, samples 
were incubated at 37°C with gentle shaking. NP 
serum stability was evaluated by monitoring 
the UV-absorbance at a wavelength of 560 nm. 
Specifically, NPs were first concentrated to 2 mg/ml 
in PBS, followed by the addition of 2× fetal bovine 
serum (Hyclone; Thermo Scientific, CA, USA) 
of equal volume. The absorbance was measured 
using an Infinite M200 multiplate reader (Tecan 
Group Ltd, CA, USA) at 37°C approximately 
every 1 min over a period of 2 h. The morphology 
and particle size were further characterized using 
scanning electron microscopy (SEM). Samples 
for SEM were prepared by dropping 5 µl of the 
NP solution onto a polished silicon wafer. After 
drying the droplet at room temperature overnight, 
the sample was coated with chromium and then 
imaged using SEM.

�� Measurement of drug-loading yield 
& releases
The concentration of DOX in solution was 
determined by measuring fluorescence intensities 
at 580  nm with an excitation wavelength of 
480 nm. To determine the DOX-loading yield of 
the NPs, the above fluorescence measurement was 
carried out after incubating 100 µl NP solution 
with 100 µl 0.1 M HCl in acetonitrile for 24 h. 
All fluorescent measurements were performed 
under the same conditions with 0.1 M HCl. To 
plot DOX release profiles, 200 µl NP solution 
(1  mg/ml) was loaded into a Slide-A-Lyzer 
MINI dialysis microtube (Pierce, IL, USA; MW 
cutoff: 3.5 kDa) and then dialyzed against 2 l of 
PBS (pH = 7.4) at 37°C. PBS buffer was changed 
every 12 h throughout the whole dialysis process. 
At each predetermined time point, NP solutions 
from three mini dialysis units were collected and 
DOX concentration was measured. Note that the 
hydrophobic DOX–PLA conjugates are unlikely 
to be released from the hydrophobic particles 

to aqueous solutions, as that is an energetically 
unfavorable process. It is expected that only drug 
molecules that have detached from the polymer 
chains will be released.

�� Cell viability assay
Cytotoxicity of free DOX and DOX-loaded 
NPs was assessed against Kasumi-1 cell line 
established from the peripheral blood of an AML 
patient using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay (Promega 
Corporation, WI, USA). Cells were first seeded 
(~5 × 103 per well) in 96-well plates and incubated 
for 24 h. After the addition of free DOX or DOX-
loaded NPs, the cells were incubated for an 
additional 72 h. Cell viability was then determined 
by using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay following a 
protocol provided by the manufacturer.
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Figure 1. Building materials and the preparation process of red blood cell 
membrane-cloaked nanoparticles. The hydrodynamic sizes of RBC ghosts, 
RBCm-derived vesicles, polymeric cores and RBCm-cloaked NPs were measured 
using dynamic light scattering. 
NP: Nanoparticle; RBC: Red blood cell; RBCm: Red blood cell membrane. 
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Results & discussion
�� Preparation of RBCm-cloaked NPs

The preparation process of RBCm-cloaked NPs 
was based on a previously published protocol and 
is schematically illustrated in Figure 1 [9]. Briefly, 
purif ied RBCs first underwent membrane 
rupture in a hypotonic environment to remove 
their intracellular contents. Next, the emptied 
RBCs (~2 µm in diameter) were washed and 
extruded through 200-nm porous membranes 
to create RBCm-derived vesicles (~200 nm in 
diameter). Meanwhile, polymeric cores (~70 nm 
in diameter), such as those made from PLA 
or PLGA, were prepared by using a solvent 
displacement method. The resulting polymeric 
cores were subsequently mixed with RBCm-
derived vesicles and the mixture was physically 
extruded through 100-nm pores, where the two 
components fused under the mechanical force 
and formed RBCm-cloaked NPs (~90 nm in 
diameter).

�� Loading of DOX into 
RBCm-cloaked NPs
In this study, two distinct methods to load 
DOX as a model drug into the RBCm-cloaked 
NPs were examined: physical encapsulation and 
chemical conjugation. Physical encapsulation is 

achieved by first mixing DOX and the polymers 
in acetonitrile, followed by precipitation into 
water. In this case, the drug-loading yield 
can be varied through different formulation 
parameters. For example, when varying initial 
DOX to PLGA weight ratio from 5 to 20%, 
the loading yield increases from 0.9 to 1.8% 
(Figure 2).

Alternatively, DOX molecules can be loaded 
into NP cores by covalently conjugating drug 
molecules to polymer backbones. Intuitively, 
DOX molecules can be directly conjugated 
to carboxyl-terminated PLA chains through 
hydroxyl groups; however, this approach causes 
heterogeneities for polymer–drug conjugates, 
owing largely to the polydispersity of the polymer 
chains, the lack of control over the regio- and 
chemo-selective conjugation of the DOX 
molecules containing multiple hydroxyl groups, 
and the lack of control over the conjugation 
efficiency. Therefore, an alternative approach was 
adopted, where the hydroxyl groups of the DOX, 
in the presence of l-lactide monomer and using 
(BDI)ZnN(SiMe

3
)

2 
as a catalyst, were utilized 

to initiate the ring-opening polymerization and 
led to the formation of PLA–DOX conjugates 
[11,12]. In this approach, as the polymerization 
reaction is initiated by the drug molecule itself, 
a conjugation efficiency of near 100% can be 
achieved. In addition, the metal amido catalyst 
(BDI)ZnN(SiMe

3
)

2
 preferentially allows for 

PLA propagation at C
14

-OH position of DOX, 
instead of its more sterically hindered C

4
´‑ 

and C
9
-OH positions. After the reaction was 

terminated, products were purified through 
repeated dissolution–precipitation cycles and 
then characterized using 1H–NMR spectroscopy. 
Proton resonance peaks corresponding to both 
DOX molecules and PLA backbones are present, 
including the aromatic protons of DOX between 
d = 7.5 and 8.0 ppm, protons of -CH

3
 group of 

PLA at d = 1.5 ppm, and -CH group of PLA at 
d = 5.2 ppm, hence confirming the formation of 
PLA–DOX conjugates [11]. In contrast to physical 
encapsulation, where the drug-loading yield 
primarily depends on formulation parameters, 
in chemical conjugation, the drug-loading yield 
is dictated by polymer chain length, which is in 
turn determined by polymerization conditions 
such as initiator (DOX)-to-monomer ratio. For 
example, the PLA–DOX conjugates synthesized 
in this study were found to have a molecular 
weight of 10 kDa and a narrow polydispersity 
index of 1.16, corresponding to an approximately 
5% loading yield of DOX after the conjugates 
were formulated into the NPs (Figure 2).
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Figure 2. Doxorubicin loading yields in the red blood cell 
membrane‑cloaked nanoparticles at various initial drug inputs. Drug 
molecules were loaded into the nanoparticles through two distinct loading 
mechanisms: physical encapsulation and chemical conjugation.
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�� In vitro stability of DOX-loaded 
RBCm-cloaked NPs
Next, the stability of DOX-loaded RBCm-
cloaked NPs in physiologically relevant buffer 
solutions was studied. In PBS, NP stability is 
monitored by measuring NP sizes at different 
time points, as unstable particles tend to aggregate 
and their sizes increase. In this study (Figure 3A), 
NPs loaded with DOX molecules by using both 
physical encapsulation and chemical conjugation 
showed similar initial diameters of approximately 
90 nm; without significant size increase over 
the duration of 1 week. Similarly, only a slight 
change in the polydispersity index of the NPs was 
observed over the same time period, indicating 
a high stability of DOX-loaded RBCm-cloaked 
NPs in PBS. NP stability was further examined in 
serum by monitoring UV absorbance at 560 nm, 
a characteristic wavelength reflecting the extent 
of particle aggregation [14,15]. RBCm-cloaked 
NPs, loaded with DOX molecules by either 
physical encapsulation or chemical conjugation, 
showed a near constant absorbance at 560 nm 
over a time period of 2 h (Figure 3B), suggesting 
that the NPs are highly stable in 100% fetal 
bovine serum. The morphological measurements 
of these RBCm-cloaked NPs by SEM showed 
spherical structures with an average size of 
approximately 75 nm (Figure 3C). By contrast, 
absorbance of bare polymeric cores made from 
PLGA or PLA–DOX conjugates without RBCm 
cloaks immediately increased upon addition into 
fetal bovine serum, therefore the authors were 
unable to monitor their long-term stability in 
either PBS or serum. The results of this study 
showed that the RBCm cloak played a significant 
role in stabilizing NPs in both buffer solutions 
and serum. From a practical perspective, the fast 
aggregation of uncoated polymeric particles in 
buffer solutions provided a means of selective 
precipitation and removal of uncoated particles 
from RBCm-cloaked NPs after their preparation. 

�� Release kinetics of DOX from  
RBCm-cloaked NPs
Following the formulation of stable DOX-
loaded RBCm-cloaked NPs, their DOX release 
kinetics were investigated (Figure 4). The authors 
f irst examined how different drug-loading 
mechanisms would affect DOX releases from 
RBCm-cloaked NPs. The results demonstrated 
that, when DOX molecules were physically 
encapsulated into the polymer matrix, the drug-
release rate was significantly faster, as 20% of 
DOX molecules were released within the first 
2 h from the RBCm-cloaked NPs. By contrast, 
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Figure 3. In vitro stability test and morphology of doxorubicin-loaded red 
blood cell membrane-cloaked nanoparticles. Doxorubicin (DOX) was loaded 
into the NPs through either chemical conjugation or physical encapsulation. 
(A) Long-term stability of DOX-loaded RBCm-cloaked NPs in terms of (Ai) particle 
size (diameter, nm) and (Aii) PDI in phosphate-buffered solution, monitored for a 
period of 7 days at room temperature. (B) Stability of DOX-loaded RBCm-cloaked 
NPs and bare NP cores (without RBCm cloak) in 100% fetal bovine serum was 
assessed by measuring the UV absorbance at the wavelength of 560 nm. 
(C & D) Representative scanning electron microscope images of DOX-loaded 
RBCm-cloaked NPs, of which the drugs were loaded through (C) chemical 
conjugation or (D) physical encapsulation. 
NP: Nanoparticle; PDI: Polydispersity index; RBCm: Red blood cell membrane.



Nanomedicine (2013) 8(8)1276 future science group

Research Article Aryal, Hu, Fang et al.

when formulations of chemical conjugation were 
examined, within the first 2 h only 5% of DOX 
molecules were released. Such difference has 
been attributed to the fact that covalent bonding 
of DOX molecules to the polymer backbone 
requires drug molecules to first be hydrolyzed 
from the polymer by bulk erosion before 
they can diffuse out of the polymeric matrix 
for release [11,12,16]. A more sustained-release 
profile resulted from drug–polymer covalent 
conjugation also suggests that chemical linkers 
responsive to environmental triggers can achieve 
better controlled drug releases when developing 
RBCm-cloaked NPs for advanced drug-delivery 
applications [13,17]. It is expected that acidic pH 
conditions will increase the drug-release rate of 
the polymeric cores because the pH drop will 
accelerate the degradation rate of the polymer 
backbone and facilitate the cleavage of the ester 
linkage between the drugs and the polymers [11].

In order to gain a better understanding of the 
role played by the RBCm cloak in drug retention, 
an established procedure for generating NPs by 
blending PLA–PEG diblock copolymers was 
followed to produce PEGylated NPs, where NP 
cores were coated and stabilized by a PEG layer 
instead of RBCm cloak [18]. It was hypothesized 
that if two formulations have similar NP cores, 
the difference in drug release will be primarily 
caused by the different abilities of the RBCm 
cloak and surface PEG coating in drug retention. 
By comparing DOX release from RBCm-
cloaked NPs to that from PEGylated NPs, it 
was found that the release rate of the RBCm-
cloaked NPs was lower; approximately 20% of 
DOX was released within the first 72 h in the 
RBCm-cloaked NPs, whereas 40% of DOX was 
released from the PEGylated NPs over the same 
time span. In fact, by using NPs formulated 
by PLGA–PEG diblock copolymers, surface 
PEG molecules have been found to hinder 
drug release from NP cores [19]. Hence, the 
observation that DOX is released at a higher rate 
from PEG-coated NPs compared with RBCm-
cloaked NPs indicates that RBCm indeed acts 
as a diffusion barrier for DOX release. This 
observation is in accordance with previous 
studies demonstrating that phospholipid coating 
can act as a barrier to drug diffusion [20]. Such a 
role played by the RBCm cloak further suggests 
that strategies aimed at engineering lipid 
membrane coatings may allow for responsive 
drug releases from RBCm-cloaked NPs under 
certain environmental cues in addition to those 
achieved by chemical conjugations embedded in 
polymer cores [21].
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Figure 4. Drug release profiles and kinetics of the different 
doxorubicin‑loaded nanoparticles. (A) Doxorubicin release profiles of 
RBCm‑cloaked nanoparticles and PEG-coated nanoparticles. For these release 
studies, initial doxorubicin concentration inside the nanoparticles was 5 wt% for 
chemical conjugation and 1.8 wt% for physical encapsulation, respectively. (B) For 
the physical encapsulation systems, the drug release percentage was plotted against 
the square root of time, which yielded linear fittings using a diffusion-dominant 
Higuchi model. 
NP: Nanoparticle; RBCm: Red blood cell membrane.
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To gain a quantitative understanding of the 
membrane-coating effect on drug retention, 
the drug-release profiles were analyzed using 
mathematical models established in previous 
particle drug-release studies. Since the 
degradation of PLGA polymer is markedly 
slower than the observed drug release for the 
physically loaded systems [22,23], the drug release 
kinetics can be solely attributed to diffusional 
drug efflux with negligible contributions from 
the polymer’s hydrolysis. A diffusion-dominant 
Higuchi model was therefore applied to analyze 
the drug release profiles of RBCm-coated and 
PEGylated NPs with physically encapsulated 
DOX. Plotting the drug-release percentage 
against the square root of time yielded linear 
fittings with R2 = 0.98 and 0.96 for the RBCm-
cloaked and the PEGylated NPs, respectively 
(Figure  4B). The goodness of the fit implies a 
diffusion-controlled drug-release mechanism 
and further allows for the derivation of the 
diffusion coefficient through the following 
Higuchi Equations 1 & 2 [24,25]:

		  M
t
 = Kt1/2	 (1)

	          K = A(2C
ini

DC
s
)1/2	 (2)

Where M
t
 is drug release at time t in hours, 

K is the Higuchi constant, C
ini

 is the initial 
drug concentration, C

s
 is the drug solubility, 

A is the total surface area of the particles 
and D is the diffusion coefficient. Given the 
particle dimensions, the drug-loading yield, 
the solubility of DOX in water (1.18 g/l), and 
the drug-release data, the diffusion coefficients 
were determined to be 6.6 × 10-16  cm2/s and 
8.2 × 10-16 cm2/s for the RBCm-clocked and 
PEGylated NPs, respectively, which is consistent 
with previously reported drug diffusivities from 
PLGA/PLA NPs [26]. In this study, the bilayered 
membrane coating reduced the drug diffusivity 
by 1.2-times. It is expected that this retardation 
effect by the RBCm cloak would likely vary 
with different particle sizes, polymer types and 
therapeutic cargo.

In analyzing the release kinetics of NPs 
with chemically conjugated drugs, applying 
zero-order-kinetic model, first-order-kinetic 
model, and the Higuchi model resulted in 
poor fittings, which indicated that the systems 
possessed complex release profiles that involved 
a combination of drug diffusion, polymer 
relaxation and drug–polymer conjugate 
hydrolysis. Precise modeling of the retardation 
effect imposed by the RBCm cloak on the 

chemically conjugated DOX is beyond the 
scope of this study. Nevertheless, as identical 
particle cores are present in both RBCm-cloaked 
and PEGylated NPs, herein, it is hypothesized 
that polymer matrix relaxation and hydrolytic 
cleavage of the linkage are not dominant factors 
contributing to the difference observed in DOX 
release profiles. Instead, the authors attribute 
the slower release rate of the RBCm-cloaked 
NPs to two diffusion-dominated components: 
the diffusion of water into the polymer matrix; 
and the diffusion of the cleaved drugs outward 
across the polymer matrix [27]. As the membrane 
coating was shown to decrease the drug 
diffusivity in the physical entrapment system, it 
likely affected both the influx of water and the 
efflux of cleaved drugs in the covalent conjugate 
system, thereby resulting in a more sustained 
drug-release profile.

�� Cytotoxicity of DOX-loaded 
RBCm-cloaked NPs
Finally, the therapeutic potential of the DOX-
loaded RBCm-cloaked NPs against an AML 
Kasumi-1 cell line was examined. AML, an 
illness characterized by uncontrolled growth 
and accumulation of leukemia blasts in the 
bloodstream, was chosen as a disease target 
because of the long circulation lifetime of 
the RBCm-cloaked NPs in the blood stream 
and their sustained drug-release profiles. The 
current standard of care for AML is high-dose 
anthracyclines, which raises serious concerns 
for cardiac toxicity [28]. Long-circulating NPs 
releasing therapeutic compounds in a sustained 
manner offer the opportunity to reduce the 
required dosing and improve upon the treatment 
efficacy. RBCm-cloaked NPs, where DOX was 
either physically loaded or covalently conjugated, 
exhibited higher toxicity by comparison to free 
DOX over a 72-h incubation period (Figure 5). 
In a previous study, it was demonstrated that 
these RBCm-cloaked NPs can be taken up 
by cancer cells in a tissue culture and the 
NPs remain in an intact core–shell structure 
after cellular internalization  [9]. Therefore, 
the observed enhancement in efficacy can be 
likely attributed to endocytic uptake of NPs, 
which enables a high payload of drugs to enter 
the intracellular region [29]. Several previous 
reports have shown enhanced cytotoxicity of 
DOX through NP-based delivery of DOX [30,31]. 
The free DOX, by contrast, relies on passive 
membrane diffusion for cellular entry, which is 
less efficient and susceptible to membrane-bound 
drug efflux pumps [32–34]. AML cells, including 
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the Kasumi-1 cell line, are known to express 
membrane-bound drug efflux pumps, which 
decrease intracellular compartmentalization of 
DOX [35]. In particular, the Kasumi-1 cell line 
has been used previously as a P-glycoprotein-
positive and anthracycline-resistant cell line in 
AML research [36,37]. The current study suggests 
that RBCm-cloaked NPs, with a prolonged 
circulation lifetime, sustained drug release and 
improved cell internalization, can become a 
promising platform toward the treatment of 
blood cancer. Further studies are warranted to 
investigate the therapeutic potential of these NPs 
in vivo.

Conclusion
In summary, herein, two strategies for loading 
drugs into an RBCm-cloaked NP delivery 
system were examined: physical encapsulation 
and chemical conjugation. Release studies 
suggest that the chemical conjugation strategy 
results in a more sustained drug-release profile. 
We further formulated PEGylated NPs that 
had the same NP cores but different surface 
coatings compared with RBCm-cloaked NPs. 
By comparing drug-release profiles of these 

two delivery systems, it was demonstrated that 
RBCm cloaks provide a barrier, slowing down 
the outward diffusion of encapsulated drug 
molecules. These results suggest that chemical 
modifications to the drug–polymer linkage in 
the NP core and engineering the NP surface 
coatings can both be explored to gain better 
control over drug releases of RBCm-cloaked 
NPs. In a following efficacy study by using the 
AML Kasumi-1 cell line, RBCm-cloaked NPs 
exhibited higher toxicity in comparison with free 
DOX. The previously observed long systemic 
circulation lifetime in the blood stream and 
the sustained drug-release kinetics reported in 
this study indicate that this biomimetic drug-
delivery system may hold great promise for 
systemic delivery of payloads for the treatment 
of various diseases such as blood cancers. With 
further development, these RBCm-cloaked 
NPs are expected to become a robust drug-
delivery system that combines the advantages 
of both synthetic polymers and natural cellular 
membranes.

Future perspective
RBCm-cloaked NPs represent a novel class 
of NP formulations bringing together both 
the long circulation lifetime of RBC, and 
the controlled drug retention and release of 
synthetic polymers. After gaining a deeper 
understanding of the roles played by the 
RBCm shell and the polymeric core, this 
NP formulation can be further tailored by 
engineering both parts to improve systemic 
delivery of therapeutic payloads. We believe 
that with continuing effort, this formulation 
will result in a robust delivery platform and 
make significant impact on both biomedical 
applications and nanotechnology research.
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Figure 5. A comparative cytotoxicity study against the Kasumi-1 cell line 
established from the peripheral blood of an acute myeloid leukemia patient. 
Circles represent RBCm-cloaked NPs with chemically conjugated DOX, squares 
represent RBCm-cloaked NPs with physically encapsulated DOX and triangles 
represent free DOX. All samples were incubated with Kasumi-1 cells for 72 h prior to 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (n = 4). 
DOX: Doxorubicin; NP: Nanoparticle; RBCm: Red blood cell membrane. 
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Executive summary
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Drug-loading efficiency
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Sustained drug release
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